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ABSTRACT
Ethylbenzene Case Study and Optimization
(Under the direction of Dr. Adam Smith)
The objective of this project was to investigate the process of producing ethylbenzene from the
liquid-phase reaction of ethylene and benzene and perform parametric and topological
optimizations to increase the net present value of the production facility. To do so, the base case
conditions of the process were modeled and quantified economically followed by an
investigation into the existing process to determine conditions that could be altered to improve
the economic viability of the project. After optimizing the parametric conditions and topology of
the process, the net present value of the project was increased by 305 million dollars to 191
million dollars. In this process, ethylene and benzene are reacted in a continuous stirred-tank
reactor to produce ethylbenzene, which is to be sold as a raw material to an adjacent styrene
production facility. To model this process, the simulation software PRO/II was utilized so that
the economic impact of changing process conditions and topology could be determined using an
economic model created in Microsoft Excel. The operating conditions and equipment layout for
the reactor, separations units, and utilities were investigated to determine the optimum operating
conditions to maximize the net present value of the project. During this optimization portion, the
PRO/II simulation was performed at various operating conditions for each area of interest in the
process. The results of the economic model quantified the impact on net present value of the
operating conditions for each of the simulation cases. This led to changes in the operating
conditions in the reactor, phase separator, distillation columns, heat exchangers, and the
compressor to identify the case that produced the maximum net present value.
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Project Introduction
The objective of this project was to perform a detailed case study on an ethylbenzene
production unit and optimize the process to maximize its economic viability. The production
process being investigated uses a liquid phase reaction scheme to convert 100 kmol/h each of
pure ethylene and benzene into ethylbenzene via direct addition reaction. The ethylbenzene
produced is to be sold to a styrene production plant. Our team modeled base case conditions
given and then performed parametric and topological optimizations to increase the net present
value of the project from negative 114 million dollars at the base case conditions to 191 million
dollars.
The liquid phase production of ethylbenzene was achieved by reacting 100 kmol/h each of
ethylene and ethylbenzene.

The side reaction between ethylene and ethylbenzene produces undesired diethylbenzene.

The third and final reaction occurs when diethylbenzene reacts with benzene to produce
ethylbenzene.

The feed streams entered the process at 1 atm and 25°C. The unreacted benzene exiting
the reactor is separated from the other components and recycled to the fresh benzene feed. The
liquid phase mixture exiting the phase separator is sent through a benzene tower that recovers
99.95% of benzene to the distillate and 99.9% of ethylbenzene to the bottoms. The bottoms from
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the benzene tower is fed to the ethylbenzene tower. The ethylbenzene tower recovers 99.9% of
ethylbenzene to the distillate and 99.9% of diethylbenzene to the bottoms. Diethylbenzene
byproduct will also be used as fuel. Ethylbenzene is obtained as a distillate from ethylbenzene
tower and is sent to storage at 1 atm pressure and 50°C temperature. The base case process flow
diagram is shown in the appendix A.
Certain basic economic parameters were considered for the economic analysis of the
design. The design is for a grass-root facility to be developed on company’s land over a period of
2 years starting from January 2022. Two-thirds of the equipment cost was allocated for the first
year and one-third to the second year with a salvage value of 10% of the Fixed Capital
Investment (FCI) at the end of the project life. The initial cost of buildings was assumed to be
$1.0 M and the cost was distributed equally between the first and second year of construction
and was assumed to be worth $0.5 M at the end of the project. Overall taxation rates were
assumed to be 28% per year and the equipment depreciation was calculated under appropriate
MACRS categories. Additionally, operating labor was priced at $77,800 per year per operator
with 3% annual increase over the duration of the project. Pure ethylbenzene is priced at
$900/tonne, pure benzene at $850/tonne, and ethylbenzene produced at $1935/tonne.
Base Case Analysis
This ethylbenzene production process was modeled using Pro/II simulation software.
This allowed optimization to be performed by easily changing the base case parameters in the
software and using the PRO/II generated data to calculate the economic metrics of the project.
An economic model was also developed to calculate the net present value associated with the
various costs and revenue from the PRO/II output data. The equipment costs were calculated
using heuristics for sizing different types of equipment. As a result of these calculations, the
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equipment cost of the base case was concluded to be $15.1 M. The cost of the raw materials was
then determined to be $76.3 M using the given prices of benzene and ethylene and the amount of
both components that were needed to run this process. The annual revenue from the
ethylbenzene product and off-gas streams was calculated to be $84.8 M. These costs and revenue
were then put into an income and cash flow statement which ultimately finds the net present
value. For this case study, we were looking at the net present value over a 12-year period. The
net present value for the base case is -$114.2 M. The table below shows the values of the metrics
previously discussed. The entire cash flow/income statement for the base case is shown in the
appendix A.
Table 1: Economic Metrics for the Base Case

Pro/II can also calculate the single-pass conversion associated with a process. For this
specific process, the conversion was at 49% for the base case. As well as conversion, Pro II can
also calculate other reaction variables such as yield and selectivity.
Table 2: Process Metrics for the Base Case

When assessing the economic value of the project, it is important to figure out which
economic components have the largest impact on the net present value by performing a
3

sensitivity analysis. From the sensitivity analysis, the ethylbenzene revenue and the cost of raw
materials had the largest impact on NPV, whereas the other costs (cost of labor, equipment,
utilities) had a relatively small impact on the NPV. The price of the ethylbenzene and cost of
material affected the NPV by over 200 million and the cost of labor, equipment and utilities
affected the NPV by 8 to 15 million. These values were found based on a 60% variance window
from the base case. This information is significant because the sale price of the ethylbenzene and
the cost of the raw materials cannot be changed with optimization. However, the amount of
ethylbenzene can be altered using optimization. Since the revenue of ethylbenzene relies on the
price and flow rate of ethylbenzene, the percent change in the flow rate will affect the NPV the
same as the price of ethylbenzene. For the optimization process, the goal is to optimize the flow
rate of ethylbenzene so that more ethylbenzene can be produced, which will lead to a higher
revenue and NPV. Based on this analysis of the base case, our team recommended moving
forward with the project. The figure below shows the graph of the sensitivity analysis that was
performed.

Figure 1: Base Case Sensitivity Analysis
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Optimization
Upon analyzing the base case process, our team began parametric and topological
optimization to improve the economic viability of the project through increasing the net present
value. Following the design onion method, optimizations began with the reactor. After the
reactor, the separations & recycle section were optimized followed by investigating the heat
recovery system and the utilities. The team investigated each section by finding the parameters,
or process conditions, that affected net present value and altered these until the maximum net
present value was reached before moving to optimization of the next section. In some instances,
changing the topological arrangement of the equipment was necessary to reach the maximum
NPV. Based on the sensitivity analysis of the base case, the biggest opportunity for increasing
NPV was by increasing the ethylbenzene production in the process by optimizing the process
conditions.
Starting with the CSTR, the ethylbenzene produced by the reactor is a function of the rate
of the reaction, or reaction kinetics, and the retention time, or the ratio of volume to volumetric
flow rate. The reaction kinetics are largely a function of the temperature of the reaction with the
rate of reaction generally increasing as temperature increases. As the volumetric flow rate of the
reactants entering the reactor was not an independent variable but rather a function of the feed
and recycle amount, the only way to change the retention time in the reactor was by changing the
volume of the reactor. Thus, the team started the reactor optimization by altering the temperature
of the reactor and plotting the NPV as a function of the temperature. The optimum reactor
temperature was determined to be 85 °C with a maximum NPV of $17.5 M. The graph below
shows this optimization. The increase in NPV was a result of the increased ethylbenzene
production from 46.4 kmol/hr in the base case to 63.9 kmol/hr with the new reactor temperature.
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This increase in production is attributable to the increase in conversion of ethylene in the reactor
from 0.49 to 0.85 due to the increased rate of reaction at the higher temperature.

Figure 2: NPV vs Reactor Temperature (Iteration 1)
Following the optimization of temperature in the reactor, our team investigated changing
the volume of the reactor to increase the retention time. However, after temperature had been
optimized no additional NPV increase could be achieved by altering the reactor volume.
Next, the separations section and recycle were addressed beginning with the phase
separator following the reactor. The two parameters that could be altered in the phase separator
were the temperature and pressure. It was determined that increasing temperature and decreasing
pressure in the phase separator from the 50 °C and 2 atm base case values would lead to
increased ethylbenzene production. The purpose of the phase separator is to remove unreacted
ethylene exiting the reactor to the off-gas stream. By removing the unreacted ethylene and
recycling unreacted benzene, the selectivity of reaction series in the reactor is driven more to the
production of ethylbenzene as opposed to the undesired product of diethylbenzene. The
summary of the reaction kinetics that demonstrates this phenomenon is shown in the appendix C.
By increasing the temperature and decreasing the pressure in the phase separator, a greater
6

amount of ethylene exits the phase separator as vapor and is removed from the process before the
distillation towers. This reduction in ethylene increases the relative percentage of benzene in the
distillate of the first distillation tower, which decreases the vapor pressure of the distillate. At
constant condenser conditions, this lower vapor pressure results in more of the benzene being
condensed into the liquid recycle, which increases the concentration of benzene in the reactor. As
previously mentioned, this increase in benzene concentration increases the selectivity of
ethylbenzene production in the reactor. Investigating the temperature and pressure in the phase
separator with respect to the optimum NPV yielded optimal values of 85 °C and 1.5 atm in the
phase separator. These new temperature and pressure values increased the NPV from $17.5 M to
$57.0 M. This increase in NPV is due to an increase in ethylbenzene production from 63.9
kmol/hr to 69.7 kmol/hr as a result of a selectivity increase from 6.1 to 11.2. The graphs
demonstrating these optimization trials for temperature and pressure in the phase separator are
shown below.

Fig 3: NPV vs Phase Separator Temperature
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Fig 4: NPV vs Phase Separator Pressure
Following the phase separator, the next optimization was performed on the two
distillation columns. The two parameters that could be changed in the towers to increase the
NPV were pressure in the column and the feed tray location. The change in pressure and feed
tray location had negligible impact on the ethylbenzene production in the process but did slightly
increase the NPV through a reduction in utility costs by reducing the duty associated with the
condenser and reboiler of each tower. The first optimization was moving the feed tray location in
T-601 from location 13 to location 15, resulting in a $13,000 annual utilities savings. Next, the
pressure in the condenser of T-602 was decreased from 1.2 atm to 1 atm, resulting in a $14,000
annual utilities savings. Finally, the feed tray location in T-602 was moved from location 10 to
location 18 for a $57,000 annual utilities savings. These three optimizations increased the NPV
from $57.0 M to $57.7 M. The graphs showing the trials leading the maximum NPV for each
optimization are shown below.
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Fig 5: NPV vs T-601 Feed Tray Location

Fig 6: NPV vs T-602 Condenser Pressure

Fig 7: NPV vs T-602 Feed Tray Location
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With the parameter optimizations made in the separations section, the benzene recycle
entering the reactor increased by 120% compared to the amount of recycle present when the first
reactor optimizations were performed. This significant change in benzene recycle allowed for a
second iteration of reactor optimizations to further increase ethylbenzene production, so the
temperature of the reactor was altered again with NPV being plotted at each temperature. This
iteration found an optimum NPV value of $192 M at 155 °C in the reactor. This increase in NPV
was a result of the increase of ethylene conversion to 0.99 and a resulting 94.4 kmol/hr of
ethylbenzene being produced.

Fig 8: NPV versus Reactor Temperature (Iteration 2)
At a reactor temperature of 155 °C, the conversion of ethylene reached 0.99. This meant
that the reactor effluent was entirely liquid and contained only 0.1% ethylene. As the purpose of
the phase separator was to remove vapor, specifically ethylene, from the reactor effluent, the
phase separator was no longer necessary. Thus, the phase separator and the heat exchanger (E602) were removed from the process. This topological optimization reduced both equipment and
utility costs and increased the NPV to $199 M.
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The next step in the design onion optimization method was to investigate possible heat
integration within the process to reduce equipment and utility costs. After the removal of E-602,
the minimum number of heat exchangers was already achieved. This left the possibility of
integrating E-601 and E-607 to reduce the utility costs associated with these heat exchangers.
The potential utility savings from this integration was $5,000 per year. Our team deemed this
integration to be unattractive due to the additional costs associated with the physical integration
of these heat exchangers and the complications surrounding start-up. With E-607 being the
ethylbenzene product heat exchanger, it would have no flow at start-up requiring utility streams
to be connected to each heat exchanger. These additional costs and complications would
outweigh the potential utility savings from the integration of the heat exchangers. Although no
potential heat integrations opportunities are recommended within the ethylbenzene process, our
team recommends investigating potential heat integration opportunities with the adjacent styrene
process.
The final optimization that our team addressed was the ethylene compressor. In the base
case, this compressor was a single compressor; however, at the new reactor conditions, the
compression ratio this compressor was tasked with was 68:1. This is much higher than the
optimal and feasible compression ratio of 3:1. Thus, the compressor system was staged using 4
compressors with intercoolers in between the first three compressors. This reduced the duty
associated with compression from 551 kW to 429 kW. This would likely result in a less
expensive compressor system. However, with the pricing correlations at our disposal and a
conservative approach, the NPV was slightly decreased to $191 M. It should be noted that
although the NPV was decreased, the process is not functional with the previous compressor

11

design and quotes from equipment manufacturers should be less expensive than our team’s
estimation.
Optimized Design
Upon optimization, the benzene recycle was maximized leading to increased ethylene
conversion and maximum ethylbenzene production. Additionally, we were able to eliminate two
major pieces of equipment. The phase separator was no longer required as the reactor effluent
was entirely liquid. We were also able to eliminate the heat exchanger that was located between
the phase separator and the reactor. Along with that, our optimized design has a multistage
compressor and intercooler system with 4 compressors that replace a previous compressor which
was operating at an extremely high compression ratio. The annual revenue increased by 90%
from $84 million per year to $161 million per year. Similarly, the NPV increased by over $300
million from negative $114 million to $191 million.
Optimization of the process also changed the reaction metrics. The single pass conversion
of ethylene increased from 49% in base case to 99% in the optimized design. The flowrate of
ethylbenzene in the product stream increased by about 103% from 46 kmol/h to 94 kmol/h. The
significant change in reaction kinetics was a result of the increased reactor temperature and
increased flowrate of benzene in the recycle stream.
The optimized design PFD and cash flow/income statement are shown in the appendix B.
Other Design Considerations
In the base case, all equipment was constructed using carbon steel. Upon review of the
process including the expected corrosion, potential reactivity between carbon steel and the
components in the process, and temperature in the process, our team recommends maintaining
carbon steel construction of all equipment. As shown in the sensitivity analysis, the pricing of
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the raw materials and the ethylbenzene product significantly affect the economic value of the
project. Moving forward in the design process, a dynamic economic model should be created to
account for pricing fluctuations in the raw materials and ethylbenzene. This would give a more
accurate estimation of the economic potential of the project. Additionally, it may not be feasible
to obtain pure benzene and ethylene for the process. It is possible that slightly impure raw
materials could be used to decrease the raw materials cost depending on the pricing. This would
affect the ethylbenzene production in the reactor, as well as increase the required separations, but
additional investigation should be performed to determine if impure ethylene and benzene could
be used to increase the NPV of the project.
Safety Considerations
The most concerning safety hazard associated with this process is the high pressure
surrounding reactor R-601. The streams going in and out of the reactor are operating at 68 atm
and this could have some potential issues. Using high pressure conditions can lead to leaks or
failures from connections and the reactor itself, especially in the event of a cooling jacket failure
on the reactor. For this process, proper pressure relief valves need to be installed as well as
control systems. Both of these implementations would promote an inherently safer design.
Recommendation
Based on our analysis, our team recommends moving forward with this project with our
proposed optimizations. The process shows significant economic value with an NPV over $190
M. Table 3 on the following page shows the recommended optimizations in order of NPV
impact.
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Table 3: NPV Impact by Optimization
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Appendix
Appendix A: Base Case
A.1 Ethylbenzene Production Base Case PFD:

A.2 Base Case Stream Table:
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A.3 Base Case Equipment Summary:
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A.4 Base Case Cash Flow/Income Statement:
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Appendix B: Optimized Design
B.1 Current Optimized Design PFD:

B.2 Optimized Design Stream Table:
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B.3 Optimized Equipment Summary:

B.4 Optimized Design Utilities Summary
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B.5 Optimized Design Cash Flow and Income Statement:
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Appendix C: Reaction Kinetics

Selectivity of Ethylbenzene:

𝑆𝐸𝐵 =

−𝐸1
−𝐸2
−𝐸3
𝑘1 𝑒 𝑅𝑇 𝐶𝐸 𝐶𝐵 −𝑘2 𝑒 𝑅𝑇 𝐶𝐸 𝐶𝐸𝐵 +𝑘3 𝑒 𝑅𝑇 𝐶𝐵 𝐶𝐷𝐸𝐵
−𝐸2
𝑘2 𝑒 𝑅𝑇 𝐶𝐸 𝐶𝐸𝐵
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−

−𝐸3
𝑘3 𝑒 𝑅𝑇 𝐶𝐵 𝐶𝐷𝐸𝐵
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